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ACOUSTICALLY ACTUATED MEMS DEVICES 



Field of the Invention 



[01 1 The prescni invention relates generally lo the field of MEMS devices and more 
spcciticalty to an acoustically actuated MEMS element. 

5 Background of the Invention 

[02] Micro-electromechanical systems (MEMS) are micro devices or systems that 
O combine electrical, mcchanicul, and optical components and are fabncaicd tising 
5 integrated circuit (TC) compatible batch -processing techniques. They range in size from 

S micrometers to millimeters. MEMS provide .sen.sing and actuation in a manner (size, cost 

W 10 & construction) thai integrates seamlessly with traditional IC and opto-elecironic 
=p components. 

y [03] New applications and uses for imcro-electromechanicai system.-} (MEMS) arc 

y continuously being developed. Many micro-clcciromcchanical systems typically include 

p one or more micro-actuated devices that are machined into silicon wafers or other 

1 5 substrates in part using many of the batch fabrication techniques developed for 
fabricating electronic devices. Micro-aciuaied devices typically include movable 
members or components that either are driven by an electrical stimulus to perform 
mechanical tasks or arc sensory elements that generate an input lo an electronic system in 
response lo a phy.sical stimulus or condition, in addition, by virtue of the commonality of 
20 many manufacturing processes, control and other support electronics may also be 
fabricated onto the same substrates as the micro-actuated devices, thereby providmg 
single chip solutions tor many MEMS applications. 

[04] Micro-dcviccs based on micron and millimeter scale MEMS technology are 
widely used in valve-containing micro-fluidic controls systems, micro-.sensors, and 
25 micro-machines. Currently, MEMS valves arc used in atitomobiles, medical 

instrtunentation, or process coniml applications, and in conjunction with appropriate 
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sensors can provide accurate determinations of pre,s.'>ure, temperature, acceleralion, gas 
concenrradon, and many other physical or chemical stales. Micro-nuidic controls include 
micro-valves for handling gase.s or liqidds, flow gauges, and Inkjet nozzles, while irucro- 
machmes include micro-actuators, movable micro-minm systems, or tactile moving 
5 asseiPblies. For example, one general applicafion of MEMvS is thai of tluid delivery ur 
regulation sysiemii, e.g,. in biomedical or biological applications, such ns portable or 
implantable drug delivery systems, biochemical analysis applications, such as chip 
immuno sensors and portable gas chromatographs> air flow control applications such U3 
heating, ventilation and air conditioning systems, robotics applications, such as effectors 
10 for micrc-robotic manipularors, food and pharmaceutical applications, such as mass flow 
controllers, and micro fuel injectors and valving systems, among others. A micro-pump, 
for example, is a MEMS device suitable lor use in the delivery of fluid between two 
^fl ports. Similarly, a micro-valve is a MEMS device suitable for use in selectively 

permiiting or blocking ihe pas<iagc of a fluid through a port. 

15 [05] However, i( has been found that many conventional micro-pumps and micro- 
valves require high drive voltages to attain adequate fluid delivery rutc^i for iuany 
yl applications. For example, micro-pumps and micro-valves have been developed that rely 

i2 on elcclrosiatic motive forces and require drive voltages of several hundred volts. If Uised 

m conjunction with conventional signal control or other processing electronics (whether 
20 or not on the same substrate), often a separate power supply or voltage regulator is 

required to drive such MEMS devices, since most electronic processing devices operate 
in the range of 1-5 volts. Moreover, in many biomedical or biological applications a 
sericMis safely concern is raised with respect to such devices by virtue of the potential for 
elecmcal breakdown at high voltages, 

25 [06j It is desirable to actuate MEMS devices without requiring solid mechanical 
contuci, I.e. without physically touching ihem, Mechamcai contact has many 
disadvantages such as stiction, wear, coupling between orthogonal axes, low speed and 
imprecision. Unfuriunaiely the simplest method of non - contact MEMS actuation, 
electrosiaiic attraction, is unstable. The actuation force increases as the deflection 
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increiises. a situaiion lha! can lead to runaway actuation and mechanical collapse. The 
concroilable range of motion is significantly less than the capability of rlie aciuaior. 

[07] Instability arises because the electrostatic actuator is a pulling actuator, 
strengthening the actuation force as it reduces ihe range over which it acts. By contrast a 
5 pushing aciuaior would act to increase the actuation distance and therefore exert reduced 
force as acmmon increase,s. an iniriixsically .stable dci^ign. The range of motion is selby 
the force that tl^c actuator can apply rather than by slabiliiy con.sidcrations. 

[08] Other methods of actuating MBMS dcvicc.«i include thermal actuation as a 
contacting method and electromagnetic aciuaiion, using both pushing and pulling forces. 

10 109] U.S. Patent No. 5,945,898 to Judy ei al., incorporated herein by reference, 

discloses a magnetic microaciuator. However, glol">al actuation by a magnetic field is 
simple but has many disadvantages. The package contains; an electromagnet that 
dominates the physical volume and the power consumplion of (he device. The magnetic 
circuit is a critical part of the package because the field in the region of the mirrors of an 

15 uplical switch, for example, must be strong, uniform, and correctly oriented to within a 
few degrees. This requirement necessitiiles an extra MEMS siruciure (a nickel pole - 
piece) to redirect the field near the top of the mirror travel The inductance of the 
magnelic structure is high, and the magnet must be driven very hard ro establish the field 
in the required lime (--Sms). A conceni fur a strong and rapidly changing magnetic field 

20 within a package that also contains electronics will be electromagnetic induction in the 
circuits. There is some risk that there may be remnant magneti/^ation thai will interfere 
with 5W]tch operation. While remnant magnetization might be accommodtited, it will be 
at the co.st of complexity and speed. Finally, the magnetic drive is bulky and heavy and 
imposes a package height considerably greater than the optical system alone requires. 

25 [10] The design of some optical MEMS devices is sensitive to the range of actuation. 
For example, in so-called '*3-D" MEMS optical switches arrays of micro-mirrors arc 
.steered to guide input optical beams to output pons. The maximum tilt of the micro- 
mirroj-s sets the minimum length of the optical system, A range of about 5 degrees is 

3 
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lypic£il for electrostatically driven mirrors as a compromise among MEMS fabrication 
and comrol issues, the voltage required to drive the mitror atid ihe .safe drive range. With 
such a tilt restriction the optica! throw, and hence the .switch, may need to be many tens 
of ctn long. Hence, it is desired to employ u non-conlacl method of MEMS actuation that 
5 uses a pushing force rather than a pulling force so a-s to establish a controllable mirror lilt 
over a wide angular range. 

[11] Like any physical wave, a sound wave exerts radiation pressure. This pressure, 
while small, can be used 10 manipulate objects. One example is in micro -gravity 
materials processing where acouslic radiation pressure is used to localize materials for 
O 10 thermal processing without contamination from the walls of a chamber. MEMS actuation 
S shares some of the properties of micro-gravity manipulation. The elements to be moved 

5 arc of such low mass that forces other than gravity may dominate, such as friction for 

ry example, in this regime acoustic radiation pressure can be effective. 

s [12J MEMS ultrasound transducers can have more wide- ranging upplicaiion in optics 

SI 15 as ihey have significant advantages as non-contact mechanical actuators for MEMS- 
2 opticLiI devices, offering a variety uf advantages over the electrostatic, magnetic and 

O thennal actuators now being developed for these applications. Ultrasound actuation is 

stable, sticiion- free, hysieresis-free, and requires low power. For example, a common 
application for acoustic actuation is the actuation of planar mirrors for 2-D and 3-D 
20 MEMS optical switches by acoustic radiation pressure. 

[13] MEMS actuators made as membrane capaciioi-s are very simple. Their yield and 
reliability are higli by comparison with more complex actuator devices. 

[14] It IS an cbjcci of ihis invention to provide an acoustically actuated MEMS device. 

[15] l! IS a further object of the invention to provide a method of making an 
25 acoustically actuated MEMS device. 
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[16] Another object of this invcniion \s \o provide a low cost actualcd MEMS devices 
requiring low drive volluge. 

[17J It is yet a further object of the invcation to provide a non-coriaci method and 
apparatus of actuating a MEMS device. 



Summary of the Invention 

1? [18] Tn accordance with the invcniion there is provided, a MJ2MS acoustic actuator 

Rf compiising a .^ubsiraie, an acoustic wave generator for generating an ucouj^tic wave, said 
11 acoustic wave generator being disposed on the substrate, and a moveable element for 

5 10 receiving the acoustic wave, said moveable element being operatively connected to the 
¥ acousric wave generator mich that the acousiic wave generator is capable of exerting 

□ sufficient acoustic radiation pressure for moving said moveable element. 

p [19] In accordance with a funher embodiment of the invention, the moveable element 

T comprises a planar surface for receiving and deflecting the acoustic wave, 

1 5 [20] In accordance with an embodiment of the invention, the moveable element is one 
of a mirror a waveguide, a dif fraction grating, a holographic optical element, a Hresnei 
lens, and a valve. 

[21] In accordance with another aspect of the invcniion, there is provided, a method of 
actuating a MEMS device comprising the steps of launching an acoustic wave, and 
20 receiving ihe acoustic wave vviiii a inuvcable element such that the acoustic wave exerts 
sufficient radiation pressure for moving said moveable element. 

[22] Advantageously, acoustically actuated MEMS devices are stable, stiction- free, 
hysteTCSts-tVee, and require low power. MEMS type acoustic transducers are thinner and 
Ughier since there is no magnet or pole-piece and they more easily allow MtMS mirror 
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chips to be assembled into optical urrays without intervening fiber. A tunher advantage 
of acoustic aciuaiion is tliat there is no magneLic remnance issue. Since acoustic 
uciuaiion is a non-contacting meihod using a pushing force rather ihan a pulhng force to 
actuate the MEMS device, common stiction problems associated with employing pulling 
5 forces are obviated. 



Brief Description of the Drawings 

O [23] Exemplary ombodimenUs the invention will now be described in conjunction 

fi with the following drawings wherein like numerals represent like elements, and wherein: 

^•^ 

ffl 10 124J Fig. I shows a 2-dimensi(mal (2-D) MEMS optical switch using acoustic 

^ actuation; 

3 [25] Fig. 2 .shows a plot of acoustic intensity vs. tilt angle tor the optical switch 
presented in Fig. 1; 

^ [26] Fig. 3 shows another embodiment of an acoustically actuated 2-dimensional (2-D) 

15 MEMS optical switch wherein an acoustic wave is launched at an angle of 45 degrees; 

[27] Tig. 4 shows a plot of acoustic intensity vs. tilt angle for the 2-D MEMS optical 
switch presented in Fig. 3; 

[28] Figs. 5 and 6 show schematic views of an exemplary embodiment of a 3-D 
MEMS optical switch employing acoustic waves for movement of a mirror; 

20 [29j Fig. 7 shows a schcmaiic view of one dcinciu of a prior art inicromaehined 
ultrasonic transducer (MUT); 



6 



Sent By: ; 



823 9957; 



Jul-6-01 11;26AM; 



Page 17 



Doc. No. 1004[^1]S ^3tenc 

[30J Fig. 8 presents MEMS structures on the surface of a silicon ultrasound device 
corusisLing of many such elements as shown in Fig. 7; 

[31] Fig. 9 shows a schematic diagram of the major steps of MUT fabricaiion; 

[32] Fig- lU shows a schcmaiic view of properly and improperly ahgncd planar 
5 .surfaces of the transmit and receive (ransducers; 

[33] Figs, n a and lib show another embodiment of a MBMS device having an 
m acoustically actuated MEMS element in a rest position (Fig. lla) and an elevated position 
i (Fig. Jib); 

M [34] P^S- 1 2 shows a schematic view of an acoustically actuated MEMS device being 
^ 10 used as an optical attenuator; 

O [35] Fig. 13 shows a schematic view an acoustically actuated MJiMS device being 
□ used as a spectral tuner; 

p [36] Fig. 14 shows a schematic view an acoustically actuated MEMS device being 
used 10 move a focus spot; 

15 [37] Fig, 15 shows a schematic view an acoustically aciuaicd MEMS device having an 
clcclrosiatic latch to hoid a MEMS element in a vertical position; 

[38] Figs. 16a and 16b show another MEMS device m accordance with the present 
invention wherein an acoustically actuated MEMS element is used as a valve; 

[39] Fig, 1 7 shows an acoustically actuated optical switch havmg two arrays of 
20 microniiiTOrs lo perform a switching function; and 

[40] Fig. 18 shows a graph of acoustic radiation pressure generated under a mirror (Pa) 
versus position. 

7 
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Detaileti Description of the Invention 

(41 1 A sound wave carries energy from one place lo anolhcL If (he sound wave is 
deflected from a dctlcciing surface, there is a momentum transfer between the sound 
5 wave and ihe deflecting surface. This momentum transfer is called radiation pressure and 
is used to move ihc deflecting surface. This radiation pressure is not the rise and fall of 
air pressure at the frequency of the sound but is a net momentum transfer that is a 
constant pressure. In a MEMS device acoustic forces can dominate over other forces 
such as gravity and friction. 

10 [42] The pressure exerted by a sound wave deflected from a non-absorbing surface is: 



21 

L43J I'ra, = — 



[44] where Pr^d the radiation pressure (N/ m^) 
T is an acoustic intensity (W/m") 
c is a propagation velocity of sound (340 m/s in air) 

15 [45] The intensity of a sound wave is given by 

[47] where is the density of air 

0) is an angular frequency of the sound wave 

is an amplitude of the sound wave, expressed as a particle displacemait 
20 from a rest position. This can be related lo the motion of the transducer that generates the 
acoustic wave. 
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[4S\ Combining ihe (wo equations gives 

[49] /i,, = Po^^lfl' 

[5fl] is apparent from the above equaiiony, the radiation pressure vanes as the 
square of the frequency and Lhe square of the amplitude of the sound. While it is 
5 advaTUageous lo use as high un amplitude and frequency a,s the transducer can generate, 
the attenuation of sound in uir also depends roughly on the square of frequency. The 
radiation pressure depends directly on the density of the gas. The density can be 
^ increased by pressurising the environment and/or by means of a composition of the gas 
m which serves as an energy transfer medium of the radiation pressure. Sulfur he;^anuonde 
2 10 (SFd). for example, has approximately 5 times the density of air al the same pressure, and 
1^ htince is heller sailed than air lo U-ansfer the radiaiion pressure of ihc acoustic wave. 

^ [51J Acoustic intensity is often expressed in dB relative to the threshold of heai'ing 

O (10''" W/m^). On this scale, the loudest sound thai does not lead to a vacuum in the 

O rarefaction portion of the pressure wave is 191 dR. 

M 15 [52] Fig. 1 shows a 2-dimensional (2-D) MBMS optical switch 100 using acoustic 

actuation. A moveable element 106, such as a flap with a mirroi; is shown to be fastened 
ro a substrate 104 through fastening means 108, such as a ligature, a cantilever, a hinge, 
or any other fastening means that allow movement of the moveable element 106, An 
acoustic transducer lOl generates an acoustic wave 102, If the acoustic wave 102 is 

20 incident on the flap 106 via hole 10^ the acoustic pressure raises the flap 106 by pushing 
the flap from a horizontal to a vertical position in which it is elecirosUilically clamped to 
an alignment surface as will be explained in more detail below. If desired, a control 
mechanism (not shown) is provided to allow any angular position of the flap between the 
horiir.unial and the vertical position. The raising of the flap 106 is a movement about one 

25 axis creating a Lwo-dimensional movement. 
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[53] If the fastening means 1 08 is sprung vvith a torque constant of r [dcgrees]/(N-m) 
then (he acoustic intensity I is rckued to un angle a of the moveable clement 106 by 

[54] a = T(//w)"W*i7'/2 

[55J Typical micromiirors used to deflect optical beams have dimensions of W=700 
5 microns and 11=400 microns, vv'ith springs having torque constants of about 8 degrees per 
mN- ^ m. 

[56] The acouslic intensity required to rai.se the moveable clement 106 of switch iOO 
3 to a predetermined angle is shown in Fig. 2. As is seen from this plot of acouslic 
i intensity vs. tilt angle, the intensity required to raise the moveable element lo the vertical 
y 10 position encounters another increase for tilt angles close to 90 degrees. 

£ [57] In accordance with one embodiment of the invention the frequency of the acoustic 
wave is higher than any resonance of the moveable clement to avoid setting up vibrations 
5 in the moveable clement. MEMS based aoouHtic actuators can be obtained for operating 

n frequencies of up to several megahertz. At such frequencies the acoustic wavelength is 
3 1 5 of the order of 200 microns and consequently, the beam generated by even a small 

actuator is very narrow. A more detailed descripdon of acoustic transducers is given 
below 

[58] Fig. 3 .shows another embodiment of an acoustically actuated 2-dimensionai (2-D) 
MEMS optical switch 200 wherein the acoustic wave 102 is launched at an angle of 45 

20 degrees. In order to launch the acoustic wave towards rhe moveable element 106 at an 
angle other than zero degrees, two transducers of diameter on the scale of one acouslic 
wavelength are airanged under the same mirror as a phased aiTay, with their drive phases 
relationships launching out of phase to steer the acouslic beam toward a side of a hole 
109 through the substrate 104 to generate an aimed sound beam in the desired direction 

25 as a result of constructive sound wave interference. The reflection from this wall then 
drives Lhe moveable element 106 starling from a bias angle of 4.1 degrees. Alternatively, 
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an array of MEMS acoustic transducers 1 10 is used to launch the. acoustic wave 102 
through ihe hole 109 in the substrate 104 lo lift ihe moveable element 106 by acoustic 
radianon pressure. In a typical acoustic transducer array, independent acoustic 
transducers arc capable of being excited and interrogated at different phases. The angled 
5 launch is achieved by phasing the attenuator array located fax enough below the 
moveable clement 106 lo establish far field conditions. 

IS9J Fig, 4 shows a plot of acoustic intensity vs. tilt angle for Lhe 2-D MEMS opiieal 
switch 200. The plot shows the acoustic intensity required to move the moveable 
element through a prescribed angle with a launch at 45 degrees. As is seen from the plot, 
5 10 the maximum required acoustic iniensiiy is reduced by about 20 dD in comparison to the 
I plot of Fig. 2 for the zero degree launch. However, the advantage of this launch at 45 
i degrees has to be balanced again.st any lo.ses incun-ed in llie angled (45 degree) launch. 

fc [60] Acoustomechaiiical MEMS acluaiui-ii can also be used lo till micromirrors for use 

U in optical switches using ihrec-dimcnsional (3-D) beam steering. The advantage of 

15 acoustic actuation is assessed against capaciiive actuation on the basis of force available 

i per unit area and he advantage of using a pushing force rather than a pulling force. 

[61] Hgs. 5 and 6 show an exemplary cmbodimeni of such a 3-D MEMS optical 
switch 500 employing acoustic waves for movement of a miiTor 512. The miiror 512 vs 
suppoiied on a base 522 of the MEMS switch 500 and fastened thereto by flexible 

20 ligatures 514. These ligatures 514 allow the mirror 512 to tilt in two axes crcatmg 3- 
dimensional movement. Acoustic actuators 5 16 arc situated ai four points in close 
proximity to the min'Or 512. However, the minimum number of acoustic actuators 516 
needed to steer the beaiti in two axes is three. In comparison to the 2-D switch described 
above, a minimum number of one acoustic actuator is needed to steer lhe beam in one 

25 axis. The acoustic actuators 516 emit an acoustic wave that creates pressure on the 
mirror 12 and causes it to be moved at the point of contact with the acoustic wave. A 
controller (not shown) controls an activation intensity of acoustic actuators 5 16 to control 
a degree of MEMS activation, The controller sends control signals to the acoustic 
actuator 516 to control the acoustic wave emitted and thus provide a controlled 

11 
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movement of the miiror 512. The miiTor 512 is conirolled, for example, by rotaiing ii 
against a spring force and hence a balance between the acoustic force and the spring force 
sets the angle of mirror 512. In accordance with an embodiment of the inveniion. ihe 
controller has a mirror and a sensor to measure a position of a beam of liglu on the mirror 
5 which is representative of the position of mirror 512. The information about the position 
of minor 512 is provided to a driver of the acoustic actuator via a feedback circuit, for 
example. 

[62] Base 522 is made Df a silicon .substrate such as commonly used in MEMS 
device.^;. The mirror 51 2 can be made of single crystal silicon on an Si -on -in.sulator 
0 10 wafer, for example, wiih a meiallic coating for optical reflection, In such an exemplary 
S configuration the mirror 5 1 2 overlies a hole 524 through ba.se 522. The light i.s incideni 
Q through the hole as shown in Fig. 6. 

P [<53] When a force is applied to ihc minor 512, the force and the ligatures 514 control 
3 the movement of the mirror 512 and keep it fastened to tlie base 522. The ligatures 514 
limiL the movement of the mirror 512 according to the torsional and llcxural capabilities 
of their material and slruciurul charucleri.slics. The ligatures 514 can be made of a 
Hexible material, .such as polysilicon. Advantageously, the mirror design presented in 
Pigs. 5 and 6 does not require a lifting mechanism to gain clearance above a substrate 
nece-ssary for tilting as it is the case, for example, in electrostatically driven mirrors. 
20 There arc no further limits on the lilt other than the torsional and flexural capabilities of 
the ligatures. 

[64] The acoustic actuator 5 16 is a transducer that emits an intense beam of sound at a 
high tiequency towards the mirror 512. The frequency of the emitted acousdc wave 
should be higher than any resonance of the mirror 51 2 to avoid setting up vibrations in 
25 the mirror 512. For example, a frequency of 5 MHz provides a high enough frequency as 
this is approximately many times greater than the mechanical resonance of a structure 
like the mirror 512, thus the mirror 512 will not be affected by a cyclic 
pressure/nucluation of the acoustic wave but will only experience a steady integrated 
momentum transfer from ihe acoustic wave. 

12 
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[65) The acoustic aclualor 5 16 is fabricated on a separate wafer 523 and locaied above 
the miiTOf 512. The two wafers 522 and 523 are shown to be joined by bump bonds 520. 
If desired, other similar processes of wafer joining may be used lo combine die wafens. 
The bump bonds 520 further provide a separation between wafer 522 and wafer 523, A 
5 wafer ■ wafer distance of 100 to 200 microns i,-> suitable. Airernatively, the acoustic 
aclLiaLor and the moveable clement, such as a mirror, are all integrated on a same 
substrate u.-iing multi- layer techniques, such as LIGA and Foundry processes. 

[66] The acoustic actuator 5 16 is placed above the miiTor 5 12 ai a distance sufficiem to 
separate the actuator 5 1 6 from the mirror 5 1 2 but close enough for the mirror 512 to 

0 10 receive a force great enough to move it by means of acou.stic waves emitted from the 

1 actuator 516. The distance between the actuator 516 and the mirror 5 1 2 depends on the 
S characteristics of the acou.stic wave emitted by the actuator 516 and the size of the 

ni actuator 516. The actuator 516 may be shaped to focus the wave onto the mirror 512, 
1 such that the wave does not diminish quickly. For smaller acoustic actuators the distance 
15 is increased from that of a larger acoustic actuator. An increased wavelength also 

increa.ses the distance at which the mirror 5 12 may be positioned from the acoustic 
Sj actuator 516. For example, the distance between the acoustic actuator 5 16 and the mirror 
F? 512 may be between approximately 10 micron to 1 mm, or approximately 100 times the 

wavelength of the acoustic wave. 

20 [67] The acoustic uclualor 516 emits a sound wave that reflects from the mirror 512. 
Momentum from the wave is transferred to the min-or 512 resulting in a steady force 
being applied to the mirror 512. This application of pressure results in the movement of 
the mirror 512 against gravity and spring constants from the ligatures 514. 

168J The acoustomcchanical actuator is an efficient gas-coupled, .such as air or sulfur 
25 hcxafluoridc, ultrasonic transducer that can launch an inten.se beam of sound at a high 
frequency toward the actuation point, i.e. the element to be moved. In accordance with 
an embodiment of the invention, the frequency used is of the order of 5 MH/. This 
frequency is several orders of magnitude beyond the mechanical resonance of a structure 
like a mirror and hence doss not respond at the driving frequency. 

13 
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[69J Acoustic iran^ducei"s launch sound waves thai reflect from a planar surface of the 
moveHbie element. Momentum transfer from the acoustic wave to ihe moveable element 
results in a steady pressure that is exactly analogous to the optical radiation pressure. The 
acousiic radiation pressure is typicaUy of the order of 100 lo iOOO Pa. Such a pressure is 
5 capable of moving ilic moveable element agamsc gravity and spring constates typical of 
MEMS devices. 

[70J The iicousUc f ransducer used in accordance with an embodiment of the invention 
typically generates sound inien.sity l^yeh of about 150 dB at a frequency of 5 MTfz. 
Acousiic transducers can be safely operated at these conditions because acoustic waves at 
10 niegaheit/ frequencies are strongly attenuated in millimeters of air. No audible sound is 
generated and the waves are of low power even though the intensity is high within 
fractions of a msllimeter from ihe transducer. 

[71] Currently aval lable acoustic transducer devices arc between 50 and 200 oiicrons 
in diameter and can be fabricated in arrays or patterns that vm be made to match the 
15 comers of the moveable element, such a. miiror us shown in Figs. 5 and 6. 

[72] U,S. Patent No. 6,246,158 B 1 to Ladabaum, incoiporuled herein by reference, 
discloses a microfubriculed acoustic transducer or an array of such transducers fonned on 
a smgk integrated circuit chip, and a method for making the same. Ladabaum et al 
further describe the cun'cnt state of the mi of surface micromachined ultrasonic 
20 Lran.sducers (MXJTs) in an unicle entitled "Surface Micromachined Capacitive Ultrasonic 
Ti-ansducers" published in IEEE Transaqtions on Ultrasonics, Fenoelectrics, and 
Frequency Control Vol. 45, No. 3, May 1998, pages 678-690, which is incorporated 
herein by reference. 

[73J Fig. 7 .^hov^s a ,schemalic of one clement of a prior art MUT 700. A MUT 
25 consisis of metaiized silicon nitride membrane, such as an ahuninum top electrode 730 on 
a silicon nitride nnemhrane 750, which is separated from a silicon wafer substrate 710 
(bottom electrode) by a thin (0.1-1 micron) vacuum-sealed gap, and being supponed by a 
silicon nitride suppon 740, A vacuum cavity 720 is created between the meialized 
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Silicon nitzidc membrane 730, 75U und the bottom electrode 710. A transducer consists 
of many such elements as shown in Fig, 8 presenting MEMS siruciurei; on the surface of 
a silicon ultrasound device. It is possible to fabricate MUTs to form 1-D and 2-D 
Lransductjr arrays by properly patterning thousands of membrane cells using a simple 
5 micromachining process. FuFRlamemally, ihe^se devices are capacitive structures. When 
a voltage is placed between the metiilized membrane and the silicon wafer subslralc, 
coulomb forces attract the membrane toward the subsiraic and stress within ihc 
membrane resists the aiiraclion. If the membrane is driven by an alternating voltage, the 
tension in the membrane varies and causes it to vibrate, cmilling ultrasonic waves. To 
10 generate high frequency acoustic waves the drumhead is put into tension with a bias 
voltage of about 100 V and the signal is introduced as a modulation at about 15-30 V 
peak-to-peak. The basic advantages of eapMcitivc MUTs arc their simple fabrication 
process and low cost. 

[74] MBMS technology affords silicon ultrasound transducers an important design 
1 5 advantage over piezoelectric transducers^, a 50 dB heUer dynamic range in air Because 
their thin, suspended membrane matches the acoustic impedance of aii' more closely tlian 
piezoelectric crystals, these transducers arc more efficient than conventional piczoeleciric 
transducers at iransierring electrical energy into acoustic energy. For gas or air 
applications, IVIEMS acoustic transducers operate from I MHz (o 5 MHz-, frequencies that 
20 are ten-times higher than typical piezoelectric air/gas transducers. One advantage of 
MliM^S technology is that it permits the fabrication of very small drums that emit high- 
frequency ultrasound. 

[75J There are three basic processes to manufacture MEMS devices. One process is 
surface micromachining which is most simiUr to Integrated Circuit (IC) processes. The 
25 materials are deposited on a surface of a wafer ar)d sacrificial layers arc used to release 
movable structures. Another pi-occss is bulk micrcjmachining wherein large amounts of 
silicon substrate are removed to form di^iphragms, beams, bridges and channels. "I'he 
third process is LIGA (a German acronym for lithography, plating, and molding) to 
produce high aspect ratio parts of metal, plastic and ceramics. 
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[76] Micromachining i;; well mied for device fabrication because the dimensions of 
the nncmbrane (microns) and residual stress (hundreds of Mpas) can be precisely 
conlrolied. Silicon and silicon nitride have excellent naechanical properties and can be 
readily patterned using a variety of techniques invented by ihe semiconducior industry. 

[77] Fig. 9 showii a schematic diagram 900 of the major steps of MUT fabrication. 
MUTs ^re fabricated by using techniques from the iniegraied circuits industry. A p-type 
(100) 4 inch silicon v/afer is cleaned 910, and u 1 jum oxide layer is grown using a wet 
oxidation process 920. A 3500 A layer ofiow-pre.s.sure chemical vapor deposition 
(LPVCD) nilride is then deposited 930. The residual stress of the nitride can be varied by 
changing ihe proportion of si lane to amitionia during the deposition process. The residual 
sirens used is approximately RO Mp>i, An electron beam lithography process then 
transfers a pattern of elcham holes to the wafer 940. The nitride is plasma etched, and the 
sacrificial oxide is etched away wiih hydrofluoric acid 950, These etchant holes define 
the geometry presented in Ing. 7. A second 2500 A layer of LPVCD nitride is then 
deposited on the released membranes and thus vacuum sealing the etchant holes. The 
holes are paUemed with an electron beam to seal the cavity. A metal layer is then 
evaporated onto the wafer 960. The wafer is chen diced and the MUTs are mounted on a 
circuit board. A gold wire bond connects the top electrode to the cirouit board. The 
lower elecu'ode may also be bunded lo the ciiciiiL board through a wire bond. 

20 [78] As the frequency of ultrasound increases, its signal alienuaies more rapidly in air 
thereby decreasing the useful range of the device. Since ihe signal attenuation varies 
approximately with the square of the frequency, doubling the frequency results in 
quadruple attenuation and hence a four times reduction in range. Thus, for maximum 
signal strength, ihe devices should be placed as close together as possible. For example, 

25 at a frequency of 2 MHz, the MEMS acoustic tiansducers have a range of approximately 
10 cm. Furthermore, it is important to carefully align these devices for optimal 
pcrfoiiiuince, as shov^n in conjunction with Fig. 10. The planar surfaces of the transmit 
and receive transducers must be aligned properly or a loss of signal strength will result. 
Pi'Operiy aligned transmit and receive tr^sduccr surfaces are shown in 1000. Two 
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examples of improperly aligned transmit and receive iransducer surfaces are shown in 
1010, resulting in a poor signal, and in 1012, resulting in no signal. 

[79J P'igs. 1 ] a and 1 1 b show another Embodiment of a MEMS device 1 1 00 having an 
acoustically actuated MBMS element U 10 in a rest position (Fig. 11a) and an elevated 
5 position (Fig. 1 lb). The acoustically actuated MEMS element 1130 having a planar 
surface is cantilevercd about a beam 1U5 and fid.stened to a substrate 1120 though 
anchors 1 130 which are embedded within the substrate 1120. The acnu-slically actuated 
MEMS element 1 110 i.s elevated from the rest position through the application of 
acoustic radiation pressure emilled from an acou.siic wave generator 1140 located in a 
10 cavity 115U of the substrate 1120 just below MEMS element 1110. In accordance with 
^0 an em])odimcnt of the present invention MJKMS elemenl 1 1 10 is a minror to switch an 

optical signal between different optical ports. 

!i [80] Alternatively, in accordance with a further embodiment of the present invention, 

* the acoustically actuated MEMS device 1 1 00 is used as an optical attenuator as shown in 

Q 1 5 conjunction with Fig. 12. The acoustic wave generator 1 140 emits an acoustic wave 
n toward the planar surface of the acoustical 1 y actuated MFMS element 1110 which is used 

J to suppori an optical waveguide 1210, such as a fiber. The upward movement of MEMS 

P element 1110 causes a misalignment of the optical waveguide 1 2 10 and hence an optical 

signal propagating through waveguide L210 is attenuated as it cannot travel into the 
20 connecting end of waveguide 1210. A return force from the waveguide 1210 re-align.s 

both waveguide portions 1210 and the optical signal can travel into the connecting end of 

the waveguide. 

I8lj Fig. 13 shows a schematic view of another embodiment wherein the MEMS 
device is employed as a spectral tuner. The acoustically actuated MEMS element 1 1 10 is 
25 fastened to a sub.<;trate (not shown) via ligatures 1310. A diffraction grating 1330 is 

arranged on MRMS element 1 1 10 such that an incoming beam of light 1320 is dispersed 
into different wavelengths 1340which c^n be used to tunc a spectral location. 
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[82] Fig. 14 shows yel another embodiment of the present invention wherein the 
MEMS device is used to move a focus spot 1450. The acoustic wave generator 1 140 is 
disposed on a substrate 1120 below MEMS elemeni 1110. A holographic optical element 
or a F]'es;nel lens 1410 are disposed on MEMS element 1110 such lhal an incoming signal 
5 1440 is focused to a spot 1450. By nooving MEMS clement 1 1 10 and hence the 
hologiaphic element or Frcsnc! lens 1410, the focus spot 1450 is moved from one 
position to another as indicated by Fig. 14. Such a device can be employed in a variciy of 
applications, such as switching, wavelength division muUipIcxing, and the routing of 
signals. The MEMS elemeni 1110 presicnicd in Fig. 14 i^^ fa^icncd to the substrate 1 120 
10 by means of a rod 1420 suppoited in hinges 1430. The rcium force to return MEMS 
element 1110 inio the horizontal positiOT can be a spring force. Aliemativcly, a second 
acoustic wave generator is used to rctui-n ?vlEMS element 1110. 

[83] Fig. 15 shows another example Of a MEMS device 1500 in accordance with the 
present invention having an electrostatic latch 1520. An acoustically actuated MEMS 
15 elemeni 1550 is fastened to a substrate 1510 through fastening means 1560, An acoustic 
transducer 1530 is provided in a cavity 1540 below MEMS element 1550. An acoustic 
wave emitted from transducer 1540 moves MEMS element 1550 from a horizontal to a 
venical position. The provision of the additional latch electrode 1520 penniLs a 
maintenance of a small voltage to hold MEMS elcmcnl 1550 in the veitical position. 

20 [84] Figs. 16a and 16b show another MEMS device in accordance with the present 

invention wherein an accnislically actuated MEMS element has a valve. Fig. I6a presents 
a pers])cctivc view of MEMS device 1600 and Fig. 16 a side view. A MEMS clement 
1630 is fastened to a substrate 1610 dhrough Fastening means 1620. The MEMS element 
1630 fuithcr has a valve 1640 arranged thereon such that when ihe ?vfEMS element 1630 

25 is in a horizontal position, the valve 1640 provides a seal to a passage 1680. When an 
acoustic transducer 1650 emus an acoustic wave 1670, the MEMS elemeni 1630 is move 
into a horizonlal position and the valve is removed from passage 1680 permitting a 
passage of fluids tlierethiough. The acoustic transducer 1650 is disposed in a hole 1660 
within substrate 1610. The double arrow at the bottom of passage 1680 indicates a bl- 
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directional flow of fluids through the passage. Alternatively, a second pas.sagc with its 
own MEMS clement and valve arc provided such that one passage is used lo provide a 
fluid 10 ihe MBMS device 1600 and the second passage is used to remove the fluid from 
device 1600. 

5 185J rig. 17 shows an optical switch 1700 having two arrays of micromirrors to 

perform a switching function. A beam of light is launched into switch 1700 via an input 
fiber bundle. Each fiber of the input fiber bundle has a microlcns 1720 for imaging the 
beam of light to a micronnirror on the first array of micromirror.^ 17.30. Through a 
movement of the micrommirror on the ftrst aitay 1730. the beam is switched to a 

10 microrairror on a second array of micromirrors 1 740. By moving this mirror on the 
second array 1740, the beam of light is steered lo any fiber of the output fiber bundle 
1760 having microlenses 1750. In accordance with an embodiment of the pre.sent 
invention, the movement of the micromirrors on the first and second array i.s performed 
through acoustic actuation. 

15 [86] The linear equaiions of acoustics show that the pressure to first order is a simple 
sinusoidal oscillation, and the average over time does not result in a change in average 
pressure. Nonzero average forces arise due to second-order effects. Thus ihe acoustic 
radiation pressure is small relative to the sinusoidal pressure fluctuations and requires 
high acoustic levels to provide a significant response. 

20 [87 1 The theory of acoustic radiation pressure (ARP) lias developed from the 

foundation given by Lord Rayleigh in 1878 to almost the present day. There are two 
biLsic funnulaiioiis: one mvolving interaciioTi with the acoustic medium due to Langcvin, 
the other due to Rayleigh in which there is no interaction with the undisturbed medium, 

[88] The radiation pressure relates to the time-averaged momenium flux per unit area 
25 imparled lo the surface under consideration. Surfaces whi ch are acoustically hard are 
considered, so that ihe surface docs not defom in any way ai the ultrasonic frequency. 
Thus reflections are perfect, and standing waves are buili up. In a driven caviiy the 
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LicouAiic fields: can build up to very high levels. This will help in increasing the ARP. 
The rydialion prebsure becomes: 

m Pr = (Y+l)fWV8 

[90] where y is ihc paramclcr in the adiabatic equation for the gas, po is its density, and 
5 Vg is The amplitude of the particle velocity in the standing wave. For a diatomic gasi such 
as nitrogen or oxygen in au', y=7/5. 

[91] Considering the inidating wave as having a particle velocily \/J2. then a single 
reflection at normal incidence from a hard surface results in a standing wave with a net 
velocity of Vo. The intensity 1 of the source is: 



i 10 192J i = V^PoC(Vc/2)^ 



^ [93] where c is the velocity of sound. This results in a radiation pressure: 

O 

I [94] P, = (Y+l)T/c, 

u [95] The incrcai;c in radiation pressure can be traced to the increased stiffness of the 

adiabatic nature of sound. 

15 [96] Now Y can be quite accurately related to the number of rotntit^nal modes of a gas 
molecule by: 

m Y = (5+N)/(3+iN), 

[98} where N is the numbei* of rotational degrees of freedom. It is 5/3 for a perfect 
monaiomic gas like helium (N=0), 7/5 for a diatomic molecule such as hydrogen or air 
20 (N=2), and 4/3 for non co-linear molecules (N=3). Tlius y does not change much for 
different gases. 
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[99J To frame the relationship between ARP and the sound pressure in a plane wave, 
the relation p=:poCv can be used to show thai the radiation pressure Pr relates to the sound 
pres^>urt; p as: 

1100] P,/p=V2p/(p,c^ 

5 flOIl For a sound level of iOO dB, the acoustic pressure is about 2 Pascal, and P,. is 
Kmaiier than p by a factor of abour 140,000. But Pr is proportional to p^, so it grows 
rapidly with sound level. 

p [102] in order to maximize the ARP, the acoustic intensity needs to be maximized. The 

S acoustic iniensity can be written as: 

Sj 10 [103] I = V^poC((i)^f, 

"T' [1041 where co is rhe angtilar iVequency, and 4 is the annpliiude of the wave, which in 

^ turn is ihe amplitude of oscillaiion of the planar transducer used to make a plane acoustic 

p wave. At a frequency of 4Mhz and a displacement amplitude of 500nm, ihc peak 

pressure in the sound wave is just over 5000 Pascal (1/20^^' aimosphcixi), and represents 
M 15 about i65dB sound pressure level for normal air. The radiation pressure from an 

acouslically hard reflection would be about 88 Pascal, 

[105] Assuming an ARP of 88 Pascal On it Dap of 700 x 400 |^m, the force will be 2.464 
X 10"^ N, while neglecting attenuation. Attenuation is relatively small at frequencies of a 
few MIlz for the distances encountered here. With a mass of 6^g=6 x lO''^ kg, the 
20 acceleration of the flap is about 410Q m/sl Gravity is indeed negligible. With no 
restraint, (he flap would move 5U0|um in about 500|iis. 

[106] [f the radiation force must hold open an angular spring with torque of about 10^ 
K-m, the force on a 200(xm arm must be about 5 x 10'''' N, roughly twice the force on the 
flap in the paragraph above. 
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[107] An eiectrcstatic latch was described above to hold a flap in a vertical position. In 
accordance with another embodiment the flap is hinged so as to vibrate at some natural 
fveqacncy. Using an angular spring of 10'^ N-m/radian, and a mass of 6tig with length 
400jin-i hinged ai one end, ihe natural frequency turns out to be abc^ui 28nH/. If the 
5 ulLrasonic transducer is puLscd at this frequency and build up the resonance over time, at 
which point a clamp can be invoked. The necessary acoustic energy may be reduced, bui 
the switching time may need to be longer. 

[108J There is no omnidirectional cumpuncnl to ihc ARP. Tlie momentum flux is u 
vector and a plane wave directed tangential ly along a boundary has no ARP. 

S)] The ARP can be increased in several ways: 

The ARP IS du-ectly proportional to the density of the gas. Hence the pressure of the 
gas and its molecular weight should.be high. SF^ IvdS a molecular weight of 146 
compared lu 28 for nitrogen and hence a higher ARF is gained. 
Tltc frequency of the ultrasound should be made as high as practical, since the 
panicle velocity is the product of a)|. 

The transducer can be shaped to footis the radiation onto ihe target. This can be 
advantageous in other ways too, since the resulting spherical waves would have an 
ARP which may not diminish as quickly as a flap is opened by 90^. 

[1 10] Ai very high frequencies, sound h highly damped. The viscosity and heal 
20 conduction of the gas are involved, and the attenuation of the pressure can be written iis 
e'^\ where the value of a is: 

[111] a = »/2(a)/c)'[C-^(Y-i)4L 

[112] where 

[113] h = (4/3 /v = (4/3-hTi/u) / / Y*'', 
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[114] and 



1115] k = 



fll6] In ihcsc cquarions the various lengths relate lo viscosity and heat conduciiviiy 
pararaeiers, and depend ultimately on the molecular mean free path /. The aiienuaiion, 
5 while very small al audio frequencies, becomes importanl al megahertz frequencies. Bui 
the mean tree path is inversely proportional to gas pressure. Hence the attenuation 
becomes less as the pressure is raised, and the radiation pressure increases to boot. 

1117] Al inlermediale frequencies, typically well below IMhz, polyatomic gases can 
exhibit attenuation very much larger (i.e. CO2) than the clussicul effects of viscosity and 
10 heat conductivity. It is assumed that the frequencies used m MHMS will be high enough 
to avoid these regions. Any particular gas .should be checked for acoustic properties at 
megahertz frequencies before use. 

[1181 A gas tends to lose its ability to transmit sound when Lhe wavelength gets smaller, 
since heat flows more readily and the adiabatic nature of the sound is compromised. 
1 5 When the wavelength of the sound is of the order of the mean free path, sound is 

essentially impossible to define. The loss and propagation arc about equal so that the 
sound disappears in about a wavelength, A higher gas pressure decreases the mean free 
path so that the frequency at which these effects occur is greatly increased. 

[119] In order for the phased airay an'angemenl of acoustic transducers to give a 
20 powerful beam at 45°, the strips making it up mu.st be relatively small compared lo X. 

[120] A control ot the activation intensity of the acoustic transducer can be used to 
control the degree of 'MEMS activation. When aciaatcd, the MEMS element is miaied 
again.si the spring force, for example. A balance between lhe acoustic force and the 
.spring force sets the angle of the moveable MEMS element. 

25 Modeling - 3-D MRMS Switch 
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fl21 ] The pressure ihat can be generated by a transducer array under a min'or as shov^^a 
in Figs. 5 and 6 was calculated using the; above described theory. The rmnvr is 500 
microns square. Four transducers were Jocaied under each quadrant of the minror on 1 10 
micron spacings, separated from the mirror in the veitical direction by 210 inicrons. The 
5 (ransducers were 100 micron in. diameter, and were arbitrarily assumed to radiate in a 
Lambcnian pattern. An SFo environment at one atmosphere pressure is assumed The 
ucouslic frequency is 10 MIlz. The pressure distribution is shown in Fig. 18 for the 
situation where all four acoustic transducers in oae quadrant are aciivatcd. 

[122] The two components of torque are obtained from 

250 2^0 250 230 

10 [123] {Txjy}^{j jxP(x,y)dxdy. j j yP(x.y)dxdy} 

250-250 "250-250 

[124] Ft>r the case shown in Fig. 3 one obtains {Tx,Ty}={3,3} mN-yum. oratorqueof 
about 4.25 mN- ptmin the diagonal direction. By activating the tranf>ducer£ under the 
other quadrants with appropriate phases, the torque could be increased. 

[125] An esiimatc of the torque required to move n mimir telhered by a layout of four 
] 5 serpentine springs was carried out. About 7 mN- /i m would be necessary for a 20 degree 
deflection with the configuration selected. Thus, a movement of more than 10 degrees is 
possible with a simple tcihcred mirror using MEMS acoustic actuation. 

[1 26) The effect of Ihe oscillating sound pressure oi^ ihc rilling plate can be estimated. 
The moment of inertia of a square plate around its centre, parallel to a side, is 



nn nil 



20 [127] / =pr J jy^chdy 



'un-o/2 



[128] where p k the density of the plaie=2000 kg/m\ T is its ihickness=l 0*' m, and D 



is the length of one side of the square=500*10"^' m. The value is 1= 10"^^ kg m^ 
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fl29J The angular dispiaceTnent of the plate as a function of a sinusoidal lorquc with 
.amplitude A is given by the double integral of the torque divided by the moment. 



5 [132] A lorquc of abour 5 mN- ^ m can be generated by the acoustic radiation. The 
maxinuim radiation pressure under these conditions is about 100 Pa, or about 1/iO atm. 
The inaximum possible amplitude for the sound is 1 atm, which would produce a vacuum 
in the rarefactions. Assuming that the oscillating torque exerted by ihe sound has an 
amplitude A= 500 mN-ju m (100 times the torque exerted by the radiation pressure). The 



fl34j If the frequency is 10 MHz, the amplitude of this oscillation is 0.000013 radians = 
0.0007 degree. Hence no problem of mirror oscillation at a drive lYequcncies in the range 
3 - 10 MHz i.s expected. 

1 5 [135] The above described embodiments of the invention are intended to be examples of 




ri3i] = 




% 10 angular oscillation is iherefore 



[133] 9ir) = eMa)f)^ 



500 -10"' -10 
4;r'l0'''l0"' 



the present invention and numerous modi ficati cms, vai'iations, and adaptations may be 
made to the panicuiar embodimenis of tl\e invention without departing from the spirit and 
scope of the inveniion, which is defined in the claims. 
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